A short route for the preparation of tetradentate amine-thioether and amine-thiolate ligands derived from thiosalen is reported. The ligating properties of several of the synthesized ligands towards Ni(II) has been examined. The diamine-dithiophenolate ligands (L 6 14). The results of IR, NMR and UV/vis spectroscopy and the crystal structures of complexes 9 -13 are reported.
Introduction
The coordination chemistry of tetradentate N 4 and S 4 donor ligands has been well investigated in the past several years [1, 2] . Far less is known about the metal ion-binding of tetradentate N 2 S 2 donor ligands. This is true in particular for the families of amine-thioether and amine-thiolate ligands derived from thiosalen (H 2 L 1 , see Scheme 1) [3 -5] . Lindoy et al. reported the synthesis of the 14-membered N 2 S 2 macrocycle L 2 [6] . 0932-0776 / 07 / 0400-0508 $ 06.00 © 2007 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com Koyama and coworkers prepared N,N -bis(2-mercaptobenzyl)-ethylenediamine (H 2 L 3 ) [7] . Until now only a few more ligands of this sort have been reported in the literature [8 -12] .
In recent work, we described the synthesis of the pentadentate amine-thiophenol ligands H 2 L 4 and H 2 L 5 [13] . We now find that the N 2 S 2 ligands H 2 L 6 and H 2 L 7 can be prepared in a similar manner. The synthesis of these ligands and their ligating properties towards Ni(II) are reported herein.
Scheme 2. Synthesis of the ligands used in this study.
Results and Discussion

Synthesis of ligands
The route used for the synthesis of the ligands is depicted in Scheme 2. The preparations of proligand 2 and H 2 L 6 · 2HCl have already been reported by other groups. Hinshaw and coworkers, for example, prepared H 2 L 6 in five steps starting from thiosalicylic acid and N,N -dimethylethylenediamine in relatively low yield (41 %) [10] . We adapted Sun's procedure [11] , using 2-tert-butylthio-benzaldehyde (1) as starting material [14] . Thus, reductive amination of 1 with ethylenediamine/NaBH 4 , followed by Eschweiler-Clarke methylation of 2 furnished 3, which could be readily deprotected with Na/NH 3 to give H 2 L 6 · 2HCl; an overall yield of 88 % was obtained. The ligand H 2 L 7 · 2HCl was prepared according to a protocol used for the alkylation of triazacyclononane [15] . The four-step method depicted in Scheme 2 provided H 2 L 7 · 2HCl in 70 % yield. The synthesis of the macrocycle L 2 was first described by Lindoy et al. [6] . We used a slight modification of the original procedure using commercially available 2-nitro-benzaldehyde as starting material. The two-step method depicted in Scheme 2 is superior to the original procedure and leads to a significantly higher yield of L 2 . Finally, the permethylated derivative L 2,Me was obtained by Eschweiler-Clarke methylation of L 2 .
The amine-thiolate ligands H 2 L 6 and H 2 L 7 were isolated as their hydrochloride salts and stored under an atmosphere of dry nitrogen. These ligands could not be obtained in analytically pure form. Nevertheless, they were of sufficient purity for metal complex syntheses. (14) as a green powder. All compounds gave satisfactory elemental analyses and were characterized by spectroscopic methods (IR, UV/vis, 1 H and 13 C NMR spectroscopy) and compounds 9 -13 also by X-ray crystallography.
Synthesis and spectroscopic characterization of complexes
The infrared spectra of the complexes 9 -11 and 14 reveal mainly the various stretching and bending modes of the supporting ligands. The most significant feature in the IR spectrum of crystalline 9 is the band at 3294 cm −1 , which can be readily assigned to the N-H stretching vibrations of the coordinated amine donors [16] . Similar bands are observed for 12 and 13, but not for the complexes 10, 11, and 14 which contain only tertiary amine donors. The IR spectra of 12 and 13 reveal additional bands for counter ions and co-ligands. Thus, the IR spectrum of the perchlorate salt 12 reveals a strong band at 1100 cm −1 for the ClO 4 − ions, whereas 13 shows two bands at 2107 and 2089 cm −1 characteristic of thiocyanate ions ν(NCS). The values are similar to those of other octahedral [Ni II (NCS) 2 (macrocycle)] complexes, indicative of Nbound thiocyanates [17, 18] .
The diamagnetic complexes 10 and 11 were further characterized by 1 H NMR spectroscopy. It is apparent from the 1 H NMR data that the two halves of (L 6 ) 2− in 10 and (L 7 ) 2− in 11 are equivalent. For example, a single 1 H NMR resonance is observed for the NMe protons in 10 at δ = 2.49 ppm. The benzylic protons form an AB system, the corresponding A and B doublets being centered at δ = 2.22 and δ = 4.33 ppm. The geminal coupling constant was found to be 12 Hz. The benzylic protons in 11 also form an AB system (δ = 2.47 and 3.52 ppm) presumably as a consequence of a hindered inversion of the two six-membered chelate rings. These data suggest that both complexes maintain their solid state structures in the solution state (i. e. trans orientation of the two methyl groups in 10, rigid propeller-like structure of 11). Complexes 12 -14 are paramagnetic and could not be investigated by NMR spectroscopy. The stereochemistry of 14 is unknown.
The electronic absorption spectra of 9 -14 have been recorded in the 300 -1600 nm range in MeCN or CH 2 Cl 2 . The spectra of the nickel complexes of the amine-thioether ligands 2, L 2 , and L 2,Me are similar but not identical. Above 500 nm, each compound displays two weak absorption bands. The absorption band in the 580 to 630 nm range can be attributed to the ν 2 transition [ 3 A 2g (F) → 3 T 1g (F)] of an octahedral nickel(II) (d 8 ) ion. The bands between 1055 and 1100 nm can be assigned to the ν 1 transition [ 3 A 2g (F) → 3 T 2g (F)]. The slight differences in the position of the d-d transitions indicate that each complex retains its integrity in solution. The spectra of the amine-thiolate complexes 10 and 11 reveal intense absorptions in the 300 to 600 nm region, characteristic of four-coordinate N 2 S 2 Ni II compounds. These absorptions can be attributed to RS − → Ni II charge-transfer transitions.
Description of the crystal structures
The crystal structures of 9 -13 were determined by X-ray crystallography to establish the geometries about the metal ions as well as the bonding modes of 
the supporting ligands. Suitable crystals of 14 could not be obtained. Experimental crystallographic data are summarized in Table 1 .
. This compound crystallizes in the triclinic space group P1 with one formula unit per unit cell. The neutral complex exhibits crystallographically imposed inversion symmetry. A perspective view of the molecular structure is depicted in Fig. 1 . Selected bond lengths and angles are given in the figure caption. The Ni atom is coordinated by four nitrogen atoms from the two amine-thioether ligands and two trans-oriented chloro ligands in a distorted octahedral fashion. The thioether functions point away from the Ni atom; the intramolecular Ni··· S(1) and Ni··· S(2) distances of 5.234 and 4.959Å being out of range of bonding interactions. There are no unusual features as far as bond lengths and angles are concerned. The average Ni-N and Ni-Cl bond lengths are at 2.152(2)Å and 2.4186 (8) (L 6 )] (10). Crystals of 10 grown by slow diffusion of methanol into an acetonitrile solution are monoclinic, space group P2 1 /c. The crystal structure determination revealed the presence of discrete molecules of the neutral complex (Fig. 2) . The Ni atom is coordinated by the two N and two S atoms from (L 6 ) 2− in an almost planar fashion; the maximum deviation from the least-squares plane through the atoms [Ni II (L 7 ) ] (11) . This compound crystallizes in the non-centrosymmetric space group Pca2 1 . The crystal structure determination revealed the presence of discrete molecules (Fig. 3) . The neutral complex exhibits idealized C 2 symmetry. Again, the Ni atom is four-coordinate by two cis-oriented S and N donors from (L 7 ) 2− . The distortion from planarity is less pronounced than in 10, the maximum deviation from the least-squares plane through the atoms Ni, N(1), N(2), S(1) and S (2) Table 2 . Symmetry code used to generate equivalent atoms: 2 − x, −y, −z. most significant structural differences between 10 and 11 concern the bond angles around the Ni atom. The deviations from the ideal values are more pronounced in 11. For example, the N-Ni-N bond angle in 11 (76.4 (1) • ) is much more acute than in 10 (89.00 (8) • ) most likely as a consequence of the steric constraints of the piperazine backbone.
[ (12) . This salt crystallizes in the monoclinic space group P2 1 /c. The cystal structure consists of dinuclear [Ni II 2 (µ-Cl) 2 (L 2 ) 2 ] 2+ dications (Fig. 4) and perchlorate counteranions. Selected bond lengths and angles are given in Table 2 [ (13) . The crystal structure determination of 13 confirmed the formulation of the title compound (Fig. 5) . Table 2 (4) N ( Table 2. bond lengths are normal for six-coordinate nickel(II) isothiocyanate complexes [17] . The nickel atom features a slightly distorted octahedral coordination environment. This is manisfested in the L-Ni-L cis and L-Ni-L trans bond angles which vary from 83.78(5) • to 97.2 (2) • and from 169.4
• to 177.8
• , respectively.
The individual complexes appear to be weakly intermolecularly hydrogen-bonded to each other. The corresponding NH··· S (thiocyanate) distances lie at
2.686Å [for N(1)H(1)···S(3 )] and at 2.565Å [for N(2)H(2)···S(3 )] [30]
. These values are normal for NH··· S hydrogen bonds [31 -34] . In 12 and 13 the N-bound H atoms are located on the same side of the five-membered ring.
Conclusion
In this study, a new synthetic strategy was employed for the synthesis of two known and two new N 2 S 2 ligands derived from thiosalen. This method is superior and leads to a considerably higher yield of these ligands. It has been demonstrated that the aminethiophenolate ligands support the formation of planar NiN 2 S 2 complexes, whereas the amine-thioethers pro-
] n+ complexes (L = Cl, NCS). Finally, it has also been demonstrated that the complexes exist as single isomers in the solution state.
Experimental Section
Materials and methods
Unless otherwise noted, all preparations were carried out under an atmosphere of argon. Reagent grade solvents were used throughout. 2-tert-Butylthio-benzaldehyde was prepared according to the literature procedure [35] . All other reagents were obtained from standard commercial sources and used without further purification. Melting points were determined in open glass capillaries and are uncorrected. Infrared spectra were recorded on a Bruker VECTOR 22 FT-IR-spectrometer, NMR spectra on a Bruker AVANCE DPX-200 spectrometer at 300 K. Chemical shifts refer to solvent signals converted to TMS. The electronic absorption spectra were measured on a Jasco V-570 UV / VIS / NIR spectrometer. Elemental analyses were carried out with a VARIO EL -elemental analyzer.
CAUTION! Perchlorate salts are potentially explosive and should therefore be prepared only in small quantities and handled with appropriate care.
Preparation of intermediate 2
To a solution of 2-tert-butylthio-benzaldehyde 1 (10.0 g, 51.5 mmol) in ethanol (100 mL) was added a solution of ethylenediamine (1.54 g, 25.6 mmol). After the reaction mixture was stirred for 24 h, sodium borohydride (3.00 g, 79.3 mmol) was added. The reaction mixture was stirred for further 24 h, water was added (50 mL), and the pH of the solution adjusted to 1 by addition of conc. hydrochloric acid. After all volatiles had been distilled off, the residue was taken up in 3 M aqueous potassium hydroxide solution (100 mL) and dichloromethane (100 mL). The layers were separated and the aqueous layer was extracted with dichloromethane (3 × 50 mL). The organic layers were combined and evaporated in vacuo. The resulting oily residue was dissolved in ethanol (20 mL) and treated with conc. aqueous hydrochloric acid to give a colorless precipitate of the dihydrochloride salt 2 · 2HCl. The crude material was recrystallized from ethanol. The hydrochloride was suspended in aqueous potassium hydroxide solution (pH = 13) and the free amine 2 extracted with dichloromethane. The combined organic fractions were dried over K 2 CO 3 and filtered. Evaporation of the solvent gave compound 2 as a colorless oil (10.1 g, 94 %). [11] .
Preparation of intermediate 3
The amine-thioether 2 (7.64 g, 18.30 mmol) was dissolved in 96 % formic acid (9.57 g, 0.200 mol). To the clear solution was added a 35 % aqueous solution of formaldehyde (9.24 g, 108 mmol). The reaction mixture was heated under reflux for 20 h, after which time it was concentrated to dryness. Water (50 mL) and dichloromethane (100 mL) were added to the slicky residue, the pH of the aqueous phase was adjusted to 13 by the addition of 3 M aqueous potassium hydroxide solution, and the heterogeneous mixture was stirred vigorously for 30 min. The layers were separated and the aqueous phase was extracted with dichloromethane (3 × 100 mL). The combined organic fractions were dried over K 2 CO 3 and filtered. Evaporation of the solvent gave compound 3 as a colorless oil (7.91 g, 97 %). - 1 
Preparation of ligand H 2 L 6 · 2HCl
To a solution of sodium (1.10 g, 47.8 mmol) in liquid ammonia (100 mL) was added a solution of compound 3 (2.74 g, 6.16 mmol) in tetrahydrofuran (30 mL) dropwise at −78 • C. The resulting blue reaction mixture was stirred at −78 • C for further 1 h to ensure complete deprotection of the thiolate functions. Solid ammonium chloride was added in small portions at −78 • C to destroy excess reducing agent. The resulting colorless suspension was allowed to warm to r. t. After 12 h, the remaining solvent was distilled off at reduced pressure. The residue was taken up in water (20 mL) and the pH of the suspension adjusted to ≈ 1 to give a paleyellow solution of H 2 L 6 as the dihydrochloride salt. To remove the inorganic salts the solution was concentrated in vacuum to a volume of ≈ 20 mL. Methanol (ca. 25 mL) was then added and the resulting solution was filtered off from NaCl and NH 4 Cl. The latter two steps were repeated several times in this order, until no more salts precipitated upon addition of MeOH. Concentration of the filtrate afforded the title compound as a pale-yellow, air-sensitive powder. Yield: 2.47 g (99 %). 
Preparation of intermediate 4
To a solution of aldehyde 1 (5.00 g, 25.7 mmol) in ethanol (50 mL) was added NaBH 4 (500 mg, 13.2 mmol), and the resulting reaction mixture was stirred for 12 h. The excess reducing agent was destroyed by careful addition of conc. hydrochloric acid. Water (50 mL) was added and the pH of the aqueous phase was adjusted to 13 by the addition of 3 M aqueous potassium hydroxide solution. The solution was evaporated to dryness and the product extracted with dichloromethane. The combined organic fractions were dried over MgSO 4 and filtered. Evaporation of the solvent gave compound 4 as a colorless oil (4.18 g, 83 %). This material was used in the next step without further purification.
Preparation of intermediate 5
A solution of PBr 3 (1.92 g, 7.10 mmol) in dichloromethane (20 mL) was slowly added to a solution of 4 (4.18 g, 21.3 mmol) in CH 2 Cl 2 (20 mL) at 0 • C. The reaction mixture was allowed to stirr for 3 h. Water was then added, the organic layers were separated, and the aqueous phase extracted several times with dichloromethane. The combined organic phases were dried over MgSO 4 , filtered and concentrated in vacuo to give 5 as a pale-yellow oil. Yield: 4.14 g (75 %). 
Preparation of intermediate 6
To a solution of 5 (4.14 g, 16.0 mmol) and piperazine (688 mg, 8.00 mmol) in acetonitrile (100 mL) was added K 2 CO 3 (2.43 g, 17.6 mmol) and the resulting mixture was stirred for 2 d at ambient temperature. The mixture was evaporated to dryness, water was added to the residue, and the product extracted with dichloromethane. The combined organic phases were dried over MgSO 4 , filtered, and concentrated in vacuo to ≈ 10 mL. Addition of methanol resulted in the formation of colorless crystals of 6, which were filtered and dried in air. Yield: 2.17 g (77 %). - 1 
Preparation of ligand H 2 L 7 · 2HCl
To a solution of sodium (1.00 g, 43.5 mmol) in liquid ammonia (100 mL) was added a solution of compound 6 (2.71 g, 6.12 mmol) in tetrahydrofuran (25 mL) dropwise at −78 • C. The resulting blue reaction mixture was stirred at -78 • C for 1 h to ensure complete deprotection of the thiolate functions. Solid ammonium chloride was added in small portions at −78 • C to destroy excess reducing agent. The resulting colorless suspension was allowed to warm to room temperature. After 12 h, the remaining solvent was distilled off at reduced pressure. The residue was taken up in water (20 mL) and the pH of the suspension adjusted to ≈ 1 to give a pale-yellow solution of H 2 L 7 as the dihydrochloride salt. To remove the inorganic salts the solution was concentrated in vacuum to a volume of ≈ 20 mL. Methanol (ca. 25 mL) was then added and the resulting solution was filtered off from NaCl and NH 4 Cl. The latter two steps were repeated several times in this order, until no more salts precipitated upon addition of MeOH. Concentration of the filtrate afforded the title compound as a pale-yellow, air-sensitive powder. Yield: 2.42 g (98 %). 
Preparation of ligand L 2
Solutions of 8 (3.02 g, 10.0 mmol) in dichloromethane (100 mL) and ethylenediamine (601 mg, 10.0 mmol) in ethanol (100 mL) were added simultaneously over a period of 5 h to a mixture of dichloromethane (400 mL) and ethanol (200 mL). After complete addition, the reaction mixture was stirred for 24 h at r. t. A solution of sodium borohydride (1.50 g, 38.7 mmol) in ethanol (150 mL) was added. After stirring at r. t. for 24 h, the reaction mixture was acidified to pH = 1 with conc. hydrochloric acid and the resulting colorless suspension was evaporated to dryness. Water (150 mL) and dichloromethane (300 mL) were added to the residue, the pH of the aqueous phase was adjusted to 13 with 3 M aqueous potassium hydroxide and the heterogeneous mixture was stirred vigorously for 30 min. The layers were separated and the aqueous phase was extracted with dichloromethane (5 × 50 mL). The combined organic fractions were dried over anhydrous sodium sulfate. Evaporation of the solvent gave a colorless oil which was purified by column chromatography on SiO 2 using CH 2 
Preparation of ligand L 2,Me
The macrocyclic amine-thioether L 2 (2.28 g, 6.90 mmol) was dissolved in 96 % formic acid (2.39 g, 50.0 mmol). To the clear solution was added a 35 % aqueous solution of formaldehyde (2.31 g, 108 mmol). The reaction mixture was heated under reflux for 20 h, after which time it was concentrated to dryness. Water (50 mL) and dichloromethane (100 mL) were added to the slicky residue, the pH of the aqueous phase was adjusted to 13 by the addition of 3 M aqueous potassium hydroxide solution and the heterogeneous mixture was stirred vigorously for 30 min. The layers were separated and the aqueous phase was extracted with dichloromethane (3 × 100 mL). The combined organic frac- 
X-Ray crystallography
Crystals of 9 were grown by diffusion of MeOH into a CH 2 Cl 2 solution. Crystals of 10 were obtained by diffusion of MeOH into a CH 3 CN solution. Crystals of 11 and 12 were produced by recrystallization from acetonitrile. Crystals of 13 were grown by recrystallization from a mixed acetonitrile/methanol solvent. Crystal data and data collection details are reported in Table 1 . The diffraction experiments were carried out at 210(2) K on a BRUKER CCD X-ray diffractometer using MoK α radiation. The data were processed with SAINT [36] and corrected for absorption using SADABS [37] . Structures were solved by Direct Methods and refined by full-matrix least-squares on the basis of all data against F 2 using SHELXL-97 [38] . H atoms were placed in calculated positions and treated isotropically using the 1.2-fold U iso value of the parent atom except methyl protons, which were assigned the 1.5-fold U iso value of the parent C atoms. All non-hydrogen atoms were refined anisotropically.
In the crystal structure of 11 the Flack x parameter (absolute structure parameter) was calculated to be 0.02(1) for the present structure and 0.98(2) for the inverted structure providing strong evidence that the absolute structure has been assigned correctly.
CCDC 624429 (9), CCDC 624430 (10), CCDC 624431 (11), CCDC 624432 (12) , and CCDC 624433 (13) contain supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac. uk/data request/cif.
